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Abstract. -It is shown, taking the one ML of Co on Cu(100) and the one h4L of Fe on Au(100f as examples, that (1) monoatomic films are within reach of experimental physics; (2) the ground state shows all the features of long range order (in this particular case ferromagnetic order) typical of bulk materials, e.g. the response to an applied magnetic field is an hysteresis loop.
An exciting new development in material science is the engineering of 3d-transition metal thin filmsincluding the single monolayer -of unprecedented quality [I-51. Upon approaching the one monolayer range, the magnetism is expected to change radically: the long range order is predicted to vanish at any finite temperature by the famous theorem of Mermin and Wagner [6] . On the other hand, despite this no long range order rule, computational physics find that the ground state -i.e. the state at exactly 0 K -of a number of monoatomic 3d-transition metal films is magnetically ordered, either ferromagnetically [7] or antiferromagnetically [8], depending on which adsorbate and/or substrate are involved. These calculations also find that, upon approaching the one ML range, the magnetic moment is enhanced with respect to the bulk value. Third, and perhaps most important technologically, the breaking of the translational symmetry along the film normal may force the spins out off the film plane, giving rise to perpendicular magnetization PI.
In this paper, we test these three fundamental predictions on two strictly two-dimensional systems, Co/Cu(100) and Fe/Au(100). Using a multi-technique approach ranging from standard Auger and LEED (Low EnergyElectron Diffraction) spectroscopy, spin polarized electron and neutron scattering to a highly sophisticated application of conventional magnetooptical Kerr effect, we have established following facts:
(1) strictly two-dimensional systems can be engineered, of which Co/Cu and Fe/Au are paradigmatic examples; (2) long range order exists even in two dimensions at finite temperatures: all Co and Fe films discussed in this paper -including the monolayers -have a ferromagnetic ground state with typical hysteresis loops; (3) the one monolayers are magnetized in plane, i.e. the extra magnetic anisotropy arising from the breaking of the translational symmetry is not enough to keep the spins out off plane; (4) the predicted enhancement of the magnetic moments has not been conclusively observed yet.
Evidence for layer-by-layer growth for Co/Cu and Fe/Au is given in figure 1 : the peak to peak amplitude of the 716 eV Auger-line of Co [l] and of the 69 eV Auger-line of Au are plotted as a function of the deposition time. For layer-by-layer growth such plots should consist of segments of equal length with sharp break points in between, corresponding to the completion of each layer [lo] . Visual inspection of the data in figure 1, corroborated by numerical analysis [lo] , points to the fact that most of the data points lie inDeposition time (arb. u) . Curve a) was taken with a cylindrical mirror analyser [l] and gives the peak-to-peak strength of the Co Auger-lines normalized to the sum of the Co and Cu Auger-lines, a s explained in reference [I] . Curve b) was measured with a hemispherical analyzer and gives the amplitude of the 69 eV Auger line of Au normalized to the amplitude for clean Au, see also reference [lo] . The position of the break points as obtained from the numerical best fit is also given. The break points being equidistant is a conclusive proof of layer-by-layer growth: the fit with straight lines of a smooth -exponential like -curve would result in segments of increasing length.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19888740 deed on straight lines changing slope at constant time intervals, thus establishing layer-by-layer growth. For both systems, the LEED pattern consisted of sharp spots in p (1 x 1) positions and very low background. From figure 1 interdiffusion or clustering of the adsorbate atoms can be ruled out: these two processes would give rise to a smooth Auger uptake curve, in contrast to the findings of figure 1. Having established the strict two dimensional nature of such films, we turn now to the question of long range ferromagnetic order. The typical ferromagnetic response of bulk materids to an applied magnetic field is an hysteresis loop. It is tempting to search for such a response in a system consisting of only one monolayer. A finite magnetization at zero applied magnetic field -so called remanenceis an unequivocal proof of true long range ferromagnetic order. Figure 2 shows the hysteresis loop for one ML Co on Cu(100), measured for an in plane applied magnetic field. The experimental technique used to measure the magnetization is based on the magnetooptical Kerr effect. The transversal (or equatorial) Kerr effect was used to record the loop in figure 2: the plane including surface normal, incident and reflected light beam is perpendicular to the applied magnetic field. The polarization of the light -a He-Ne laser -is parallel to this plane (p-polarized light). In this geometry the reflected intensity depends on the magnetic state of the sample [Ill, i.e. by sweeping the magnetic field an hysteresis loop can be recorded. The thickness of the film in figure 2 was determined using the Auger results of figure 1. Similar hysteresis loops were mea- (1) the remanent magnetization MR is equal, to within experimental accuracy, to the saturation magnetization, i.e. the monolayer is in a single domain state at zero applied magnetic field;
(2) the magnetization reversal, occurring for negative applied magnetic field, does not occur abruptly at a certain field: the magnetization changes continuously between +MR and -MR. Therefore coherent rotation or displacement of one single macroscopic domain wall can be excluded. Instead, the film splits up into domains carrying + or -MR, the number of which being exactly equal at the coercive field (N -20 Oe) , where the resulting macroscopic magnetization disappears. Figure 2 shows that conventional concepts of bulk ferromagnetism like hysteresis loop, coercive field and domains can be straightforwardly extended to systems as thin as one monolayer. What is not yet known is the shape and size of domains in such monoatomic films.
For the one ML Fe on Au(100) similar results were obtained, see figure 3 . In tKs figure, it is demonstrated that the one ML Fe on Au(100) is also ferromagnetic and magnetized in plane. The hysteresis loop was measured with Spin Polarized LEED, i.e. electron scatter- curve was taken at room temperature. The Curie temperature of the film was 340 K. Notice that all data points were, taken in remanence, i.e. after application of a certain magnetic field value -given in the horizontal axis of figure 3 -the field was successively switched off in order t o perform the measurements of the spin asymmetry. Because of this unusual way of measuring the hysteresis curve, no data points could be obtained in the field range between saturation and H = 0. The magnetic field dependence measured in this way is still representative of the 'Ltrue" hysteresis curve, as verified by measuring the hysteresis curve of Co/Cu with and without applied magnetic field using Kerr effect: the two curves were exactly the same, to within experimental accuracy. This correspondence is certainly due to the very square shape of the hysteresis curve.
ing is here used as a probe of the magnetism. In fact, because of the exchange part of the Coulomb potential, the impinging low energy electrons are scattered differently depending on their spin and on the magnetic state of the sample [12] . The specularly reflected intensities R f , R 1 for spin parallel and antiparallel to the sample magnetization are in general different, and a spin asymmetry A,,= (R f -R 1) / (R f +R 1) results, with A,, proportional to the magnetization [121-From figures 2 and 3 we arrive at the conclusion that for the strictly two dimensional systems presented in this paper long range order exists at finite temperatures, in apparent contradiction with the theorem of Mermin and Wagner. Notice however that a key assumption for this theorem to be valid is the isotropy of the magnetic interaction. In the present case, the perfect isotropy of the system is certainly broken by the dipole-dipole interaction which forces the spins into the film plane. For these systems, evidently, the magnetic field energy associated with perpendicular spins would increase the total energy of the system and therefore the in plane configuration is preferred, i.e. the demagnetizing energy overcomes, even in the monolayer range, a possible perpendicular anisotropy arising from the breaking of the translational symmetry [9] . It is on the other hand theoretically well known 1131 that this type of symmetry breaking is not enough to switch on long range order. A magnetic anisotropy inside the plane is necessary to this purpose. Renormalization group results [13] show that even a very small insidethe-plane anisotropy is enough to switch on long range order. The very existence of long range order in the one monolayers as observed in this paper implies that some magnetocrystalline anisotropy must be present. We are at present planning to search for it.
A more subtle question concerns the size of the magnetic moments of the films: are they enhanced with respect to the bulk, as predicted by calculations [7, S] ? Experimentally, the absolute value of magnetic moments is not easily accessible. Electron spectroscopies or light optics, which work so well in establishing the existence of long range order, are helpless when it comes to get information about the magnetic moments. This is because while A,, or the Kerr intensity might be roughly proportional to the magnetization, the proportionality constant depends on many parameters like energy and angle of incidence and is not known [14] . In 1987 one of us (D.P.) pioneered, together with Willis and Bland from Cambridge, U.K., a new way of determining the magnetic moment of thin films down to the monolayer range. This new experimental method is based on the technique of spin polarized neutron reflection [15] . In this technique the grazing incidence reflectivity of spin polarized neutrons is measured for incident spins parallel (R f) and an- [15] . Once d is known (and the accuracy in the determination of d is crucial for the result being meaningful) p, can be varied until the calculated spin asymmetry best fits the measured spin asymmetry, so that a value for , u can be explicitely derived. Figure 4 gives the results of this type of experiment applied to thin Co films on Cu(100). Co films grow on Cu(100) in the fcc structure, which is the stable phase of bulk Co only above 400 "C. By epitaxying on Cu, this metastable phase can be stabilized at room temperature and its unknown magnetic properties accessed. The engineering of unusual crystallographic structures not present in nature is a promising application of thin film epitaxy. As far as Co films are concerned two results can be derived from figure 4: first we find that the bulk value -measured for a 10 ML thick film -of fcc Co is 1.8 p ,~ f 0.3. This value is in agreement with the calculated one for this exotic phase of Co [16] . Second, the thickness dependence of p suggests a slight increase towards smaller thicknesses (2.1 pg -+ 0.3 for a 2 ML thick film). The error is however still too large for a definitive statement. Further measurements are planned: if p, for one or two ML turns out to be indeed enhanced with respect to the bulk value, this would give the first sound experimental confirmation of a theoretically well established trend, namely the enhancement of the magnetic moment brought about by the missing bond and different neighbour atoms in monoatomic films.
